The E2F and DP protein families form heterodimeric transcription factors that play a central role in the expression of cell cycle-regulated genes. The crystal structure of an E2F4-DP2-DNA complex shows that the DNA-binding domains of the E2F and DP proteins both have a fold related to the winged-helix DNA-binding motif. Recognition of the central c/gGCGCg/c sequence of the consensus DNA-binding site is symmetric, and amino acids that contact these bases are conserved among all known E2F and DP proteins. The asymmetry in the extended binding site TTTc/gGCGCc/g is associated with an amino-terminal extension of E2F4, in which an arginine binds in the minor groove near the TTT stretch. This arginine is invariant among E2Fs but not present in DPs. E2F4 and DP2 interact through an extensive protein-protein interface, and structural features of this interface suggest it contributes to the preference for heterodimers over homodimers in DNA binding. Progression through the G 1 and S phases of the eukaryotic cell cycle is tightly coupled to the transcriptional control of genes involved in growth and in DNA replication (Dynlacht 1997). In mammalian and many other eukaryotic cells, this temporal control of gene expression is carried out primarily by the E2F family of transcription factors (for review, see Slansky and Farnham 1996; Helin 1998) . E2F-responsive genes include c-myc (Hiebert et al. 1989; Thalmeier et al. 1989) , cyclin A (Schulze et al. 1995) and cdc2 (Dalton 1992; Furukawa et al. 1994) , growth-regulatory proteins, and dihydrofolate reductase (Blake and Azizkhan 1989; Mudryj et al. 1990 ), thymidine kinase (Dou et al. 1992 ) and DNA polymerase ␣ (Pearson et al. 1991; DeGregori et al. 1995) proteins needed for DNA synthesis. E2F activity is controlled by the cell cycle machinery primarily through the binding of the retinoblastoma (Rb) family of pocket proteins (Chellappan et al. 1991; Chittenden et al. 1991; Cao et al. 1992; Shirodkar et al. 1992; Cobrinik et al. 1993 ; for review, see Dyson 1998), and through phosphorylation by the cyclin-dependent kinases (Dynlacht et al. 1994; Krek et al. 1994 ).
Progression through the G 1 and S phases of the eukaryotic cell cycle is tightly coupled to the transcriptional control of genes involved in growth and in DNA replication (Dynlacht 1997) . In mammalian and many other eukaryotic cells, this temporal control of gene expression is carried out primarily by the E2F family of transcription factors (for review, see Slansky and Farnham 1996; Helin 1998) . E2F-responsive genes include c-myc (Hiebert et al. 1989; Thalmeier et al. 1989) , cyclin A (Schulze et al. 1995) and cdc2 (Dalton 1992; Furukawa et al. 1994) , growth-regulatory proteins, and dihydrofolate reductase (Blake and Azizkhan 1989; Mudryj et al. 1990 ), thymidine kinase (Dou et al. 1992 ) and DNA polymerase ␣ (Pearson et al. 1991; DeGregori et al. 1995) proteins needed for DNA synthesis. E2F activity is controlled by the cell cycle machinery primarily through the binding of the retinoblastoma (Rb) family of pocket proteins (Chellappan et al. 1991; Chittenden et al. 1991; Cao et al. 1992; Shirodkar et al. 1992; Cobrinik et al. 1993 ; for review, see Dyson 1998) , and through phosphorylation by the cyclin-dependent kinases (Dynlacht et al. 1994; Krek et al. 1994 ).
E2F proteins can, depending on whether they are associated with Rb, act either as repressors or as activators of transcription (Hiebert et al. 1992; Weintraub et al. 1992 Weintraub et al. , 1995 Bremner et al. 1995) . The Rb-E2F complexes, which predominate in quiescent or early G 1 cells (Bagchi et al. 1991; Cao et al. 1992) , act as repressors of transcription as Rb masks the E2F transactivation domain (Helin et al. 1993a ) and can also recruit a histone deacetylase at certain promoters (Brehm et al. 1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998) . Free E2F transcription factors function as activators of transcription, and these are released following the phosphorylation of Rb at the G 1 -S transition. Deletion of E2F1 in mice leads to atrophy of some tissues, and to displasia and tumors in other tissues, consistent with E2F1's dual role as an activator and a repressor of transcription in different contexts (Field et al. 1996; Yamasaki et al. 1996) .
The E2F proteins form heterodimers with members of the DP family, which are distantly related to the E2F family. E2F proteins can also form homodimers, but heterodimerization with DPs enhances their DNA-binding, transactivation, and Rb-binding activities Helin et al. 1993b; Krek et al. 1993) , and it appears that DP proteins are a component of all E2F activity in the cell (Wu et al. 1996) . In humans, six E2F and two DP proteins have been isolated to date. E2Fs one through five share 20%-55% identity and have a similar organization of functional domains. E2F6 is divergent as it lacks the transactivation domain and has been proposed to function as a repressor of E2F-dependent transcription (Morkel et al. 1997; Cartwright et al. 1998; Trimarchi et al. 1998 ). The two DP proteins are highly homologous (70%), and each can form functional heterodimers with any E2F family member (Wu et al. 1995) .
Different E2F proteins are differentially regulated by members of the Rb family of pocket proteins. E2F1, E2F2, and E2F3 are bound and regulated by Rb (Lees et al. 1993) , E2F5 binds to p130 only , whereas E2F4 associates with all three pocket proteins (Ikeda et al. 1996; Moberg et al. 1996) . E2F proteins can also differ in the regulation of their subcellular localization. E2F1, E2F2, and E2F3 contain nuclear localization signals and are found exclusively in the nucleus. E2F4 and E2F5 appear to require other nuclear factors, such as their DP partners or the pocket proteins, to promote their nuclear localization (Muller et al. 1997; Verona et al. 1997) .
Beside differences in their regulation, it is not yet entirely clear whether different E2F proteins differ in their DNA sequence specificity and in their preference for promoters of different E2F-responsive genes. On one hand, all E2F-DP combinations can bind to and transactivate at the consensus TTTc/gGCGCc/g E2F site (Lees et al. 1993; Buck et al. 1995; Zhang and Chellappan 1995) . On the other hand, in vitro binding-site selection experiments have suggested that E2F-1 and E2F-4 may have differences in their specificity for variants of the E2F consensus site (Tao et al. 1997) .
The E2F proteins contain an ∼70-residue domain responsible for DNA binding (Kaelin et al. 1992; Cress et al. 1993; Ivey-Hoyle et al. 1993; O'Connor and Hearing 1994) . DP proteins need a larger, 90-residue region for binding to DNA. The E2F and DP DNA-binding domains are followed by a hydrophobic heptad repeat involved in homo-and heterodimerization (Helin et al. 1993b ). The E2F family also contains regions involved in transactivation and Rb binding (Kaelin et al. 1992; Cress et al. 1993) . E2F and DP proteins share sequence homology in the last 30 residues of their DNA-binding domains and within their hydrophobic heptad repeat (Girling et al. 1993) .
The hydrophobic heptad repeat is the primary dimerization domain, being necessary for the formation of E2F homodimers and E2F-DP heterodimers in the absence of DNA (Helin et al. 1993b) . But several lines of evidence have suggested that the DNA-binding domains contribute to dimerization. The isolated DNA-binding domain of E2F1 binds DNA weakly (Krek et al. 1993; Jordan et al. 1994 ) and the corresponding region of DP1 does not bind detectably, but mixing the two DNA-binding domains greatly enhances DNA binding Fraenkel 1998) . This has suggested that the DNA-binding domains may interact on the DNA and that this may contribute to dimerization and preference for DNA binding as heterodimers.
Here we report the 2.6-Å crystal structure of a complex containing the DNA-binding domains of E2F4 and DP2 bound to a DNA site from the adenovirus E2 promoter.
The structure reveals that the DNA-binding domains of E2F4 and DP2 adopt the winged-helix fold (Clark et al. 1993 ) and use residues invariant within their respective families to contact the bases of the DNA. This indicates that the winged-helix domains of other E2F-DP combinations will have very similar DNA sequence specificity. The structure also shows that E2F4 and DP2 form an extensive protein-protein interface, and structural features of this interface suggest that the winged-helix domains contribute to the preference of E2F and DP proteins to bind to DNA as heterodimers.
Results

Structures of the DNA-binding domains of E2F4 and DP2
The boundaries of the DNA-binding domains of E2F4 (residues 11-86) and DP2 (residues 60-154) used in the crystallization were identified by the proteolytic digestion of an E2F-DP heterodimer-DNA complex ( Fig. 1 ; Fraenkel 1998) . The heterodimer of the E2F4 and DP2 DNA-binding domains gives half-maximal DNA binding when each protein is at a concentration of 50 nM, compared with ∼500 nM and >2000 nM for homodimers of E2F4 and DP2, respectively (data not shown).
The crystal structure, shown in Figure 2 , reveals that the E2F DNA-binding domain has a structure related to the winged-helix DNA-binding motif, and not the basic helix-loop-helix (bHLH) motif that has been suggested (Kaelin et al. 1992; Cress et al. 1993) . The winged-helix motif occurs in several eukaryotic transcription factors (for review, see Kaufmann and Knochel 1996) , including HNF-3␥ (Clark et al. 1993 ), ETS1 (Kodandapani et al. 1996) , and HSF (Harrison et al. 1994) , as well as in the histone H5 globular domain (Ramakrishnan et al. 1993) (Fig. 3) . This motif consists of three ␣ helices and a ␤ sheet, each contributing to a compact hydrophobic core. DP2 has the same overall structure as E2F4, except that the ␣2 and ␣3 helices of DP2 are longer by about two turns each, and E2F4 has an amino-terminal helical extension (␣N; Figs. 1A and 3A ) that is not present in DP2. The remaining regions of E2F4 and DP2 superimpose quite well, with a 1.4-Å root mean square deviation (rmsd) for 59 residues (Fig. 3A) . The structure-based alignment of E2F4 and DP2 shows that the regions corresponding to the ␣1 and ␣2 helices have only 8% sequence identity (Fig. 1A) , and this, coupled to the greater length of the ␣2 and ␣3 helices of DP2, presumably complicated previous efforts to align the two families. The 30-residue region of clear homology between the E2F and DP families, termed the DEF box (Girling et al. 1993) , coincides with the ␣3 helix and the ␤2 and ␤3 strands (Fig. 1A) .
Compared with the winged-helix domain of HNF-3␥ (Clark et al. 1993) , the E2F4 and DP2 domains do not contain the carboxy-terminal wing extension. DP2 and HNF-3␥ can be superimposed with an rmsd of 1.7 Å in the C␣ positions of 36 residues. E2F4 is more divergent, superimposing on HNF-3␥ with a 2.1-Å rmsd for 36 residues.
DNA sequence recognition
The structure shows that the ␣3 helices of E2F4 and DP2 bind in the major groove of the DNA and make critical contacts to the edges of the bases. In both cases, the amino-termini of the ␣1 helices and portions of the ␤ sheets contact the phosphodiester backbone of the DNA (Fig. 2) . This overall DNA-binding arrangement for each protein is analogous to the other winged-helix proteins. However, winged-helix proteins typically bind DNA as monomers (Clark et al. 1993; Harrison et al. 1994; Kodandapani et al. 1996) , whereas E2F4 and DP2 form an extensive hetero-oligomerization interface and present a continuous protein surface to the DNA (Fig. 2) .
The E2F4-DP2 heterodimer binds to and recognizes the palindromic CGCGCG sequence of the binding site in an essentially symmetric arrangement (Fig. 4A,B) . In this region, all of the DNA base contacts and most of the phosphate contacts are made by residues conserved throughout the E2F and DP families (Fig. 1A ). E2F4 and DP2 each contact half of the palindromic sequence (CGCGCG and CGCGCG, top strand in Fig. 1B ) by use of a conserved Arg-Arg-Xxx-Tyr-Asp sequence on their ␣3 helices (RRXYD motif, underlined in Fig. 1A ). The binding of the E2F4 and DP2 ␣3 helices in the major groove is highly analogous, but a detailed comparison reveals that their positioning relative to the bases they contact differs by about 1 Å along the DNA axis.
The two arginines of the RRXYD motif each make a pair of hydrogen bonds with a guanine. These guanines occur in neighboring basepairs and are on opposite strands of the half site (CGC). The aspartic acid of the RRXYD motif makes charged hydrogen bonds to both arginines and appears to stabilize this arrangement (Fig.  4C ). This pattern of hydrogen bonds is identical in the two halves of the heterodimer, except that DP2 has an additional residue, Asn118, helping to stabilize the arginines. The DP2 Asn118 side chain bridges the phosphodiester backbone of the DNA with the Arg122 guanidinium group (RRXYD, Fig. 4A,B) . Several of the reported E2F-binding sites contain a half-site variant that has the c/gGC sequence of the consensus half site re- placed with c/gCC (Slansky and Farnham 1996) . Accordingly, we find that the mixture of the E2F4 and DP2 winged-helix domains has an affinity for a TTTCCC-GCG site that is comparable with the affinity for the TTTCGCGCG site used in the crystallization (data not shown). The crystal structure suggests that the arginine (RRXYD) that contacts this position could, in principle, reach to a guanine on either strand (Fig. 4C) .
The outer position of the 3-bp half site (CGC) is recognized by the tyrosine of the conserved RRXYD motif (Fig. 4A,B) . The tyrosine phenyl group makes multiple van der Waals contacts to the C5 and C6 atoms of the cytosine, whereas the side-chain hydroxyl group contacts phosphate and sugar groups. The close contacts between the tyrosine and the cytosine, which are very similar in the E2F and DP half sites, are consistent with sequence discrimination at this position suggested by the c/gGC consensus.
The consensus-binding site is not completely symmetric, having a T-rich portion at one end (TTTc/gGCGCg/ c). In the crystal structure, this is associated with an E2F4 amino-terminal extension (residues 16-19) that is conserved in the E2F family but not in the DP family (Fig. 1A) . This region forms the short ␣N helix and inserts an arginine side chain (Arg17) deep inside the minor groove of the DNA near the T-rich portion (Fig. 4A,B) . The Arg-17 side chain contacts the O2 group of Thy4 and the O2 and sugar groups of Cyt5, and these contacts are associated with a compression of the minor groove in this region. On the basis of the electron density maps, Arg-17 is not as rigid as some of the other side-chain basepair contacts in the complex. However, the arginine contacts appear to be important because this residue is invariant among E2F family members (Fig. 1A) and its deletion abolishes DNA binding (Jordan et al. 1994 ). The corresponding region of DP2 (residues 60-68), which lacks the arginine, is disordered in our crystal structure and does not appear to be making direct DNA contacts. Similar arginine-minor groove contacts, associated with an A/T rich sequence and with a compressed minor groove have been observed in other protein-DNA complexes (Aggarwal et al. 1988; Clark et al. 1993; Cho et al. 1994 ).
The heterodimerization interface
The structure of the complex reveals an extensive protein-protein interface between the E2F4 and DP2 winged-helix domains (Figs. 2 and 5 ). This heterodimer interface is predominantly hydrophobic and buries a total of 1160 Å 2 surface area. The interface contains the ␣1 and ␣3 helices from both E2F4 and DP2. These helices pack in triplets. The ␣3 helix of E2F4 packs in between the ␣1 and ␣3 helices of DP2 at ∼45°and ∼90°, respectively, and the ␣3 helix of DP2 packs in a reciprocal fashion with the ␣1 and ␣3 helices of DP2. The arrangement of the helices at the interface is thus approximately symmetrical, explaining how the DNA-binding domain of E2F can also form homodimers (Huber et al. 1993 ). The E2F4 and DP2 residues at the interface are well conserved within their separate families, being 75% and 100% identical in the respective families. This suggests that other E2F and DP combinations will have similar heterodimer interfaces (Fig. 1A) .
The symmetry at the heterodimer interface is less precise than that at the protein-DNA interface, owing to modest differences in the intermolecular packing of the E2F4 and DP2 structural elements (Fig. 5) . In particular, contacts between the E2F4 ␣3 helix and the DP2 ␣1 helix are more extensive than the reciprocal contacts between the DP2 ␣3 and E2F4 ␣1 helices. The E2F4 ␣3 and DP2 ␣1 helices make 70 intermolecular van der Waals con- 
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from tacts (considering interatomic distances <4.0 Å), whereas the DP2 ␣3 and E2F4 ␣1 make only 20 such contacts (Fig.  5A ). For example, the DP2 Leu-71 and E2F4 Val-64 side chains at the tightly packed half of the interface make a total of 21 intermolecular contacts with each other and with other interface residues; the equivalent residues at the loosely packed portion of the interface, the E2F4 Leu-22 and DP2 Val-129, make only one and six intermolecular contacts, respectively. This asymmetry at the dimerization interface is associated with differences in the overall structures of DP2 and E2F4. As can be seen in Figure 3A , portions of the ␣1 and ␣3 helices of DP2 are closer together than the corresponding ones of E2F4 by ∼3 Å. The closer ␣1-␣3 interhelical distance in DP2 is associated with small hydrophobic core residues, such as Val-78 and Ala-126, packing against each other at the interface of these two helices. In contrast, E2F4 generally has larger amino acids involved in the ␣1-␣3 helix packing. For example, the E2F4 residues corresponding to the Val-78 and Ala-126 pair of DP2 are Phe-29 and Ile-61, respectively. This difference in the DP2 and E2F4 structures is likely to be preserved in the structures of other family members because most of the residues in this portion of the hydrophobic core are well conserved within the separate families. The aforementioned Val-78 and Ala-126 residues of DP2 and Phe-29 and Ile-61 residues of E2F4 are invariant within their respective families. As a result of this difference between the structures of E2F4 and DP2, the protein-protein interfaces in the homodimers would necessarily be different from the interface observed in the heterodimer.
In addition to family-specific structural features, differences in the E2F4 and DP2 residues at the interface further contribute to the asymmetry in contacts (about two thirds of these residues differ between E2F4 and DP2). For example, Arg-72 of DP2 and Glu-66 of E2F4, both conserved within their families, form a salt bridge in the densely packed half of the interface (Fig. 5B) . In the sparsely packed half of the interface, the corresponding residues are Gly-72 of E2F4 and Met-131 of DP2, which make no contacts at all. The Arg-Glu salt bridge would not be possible in any homodimer (Fig. 1A ).
Discussion
Our structure shows that the E2F and DP DNA-binding domains have the same overall fold, including the regions in which they share no significant homology. This fold is related to the winged-helix DNA-binding motif, except that E2F4 and DP2 lack a carboxy-terminal wing region present in other winged-helix proteins like HNF-3␥ (Clark et al. 1993 ). There are several structural differences between E2F4 and DP2. E2F4 contains an aminoterminal helical extension to the winged-helix motif that is absent from DP2 and HNF-3␥, and also has a slightly different arrangement of its helices compared with those of DP2 and HNF-3␥. In these respects, the E2F4 winged-helix domain is more divergent than that of DP2. On the other hand, DP2 contains an insertion between its ␣2 and ␣3 helices that results in the extension of these two helices by approximately two turns each compared with those of E2F4 and HNF-3␥. Despite these differences, E2F4 and DP2 make very similar contacts to the bases in the major groove of the DNA, recognizing the central CGCGCG sequence in an essentially symmetric fashion. The asymmetry in the extended TTTCGCGCG-binding site is associated with the amino-terminal extension of E2F4 binding near the TTT sequence. This asymmetry in the contacts could help orient the E2F-DP heterodimer on the promoter. All of the E2F4 and DP2 residues that contact the bases and most of the residues that contact the phosphodiester backbone of the DNA are invariant in their respective There are many differences in the intermolecular contacts, with the DP2 ␣1 and E2F4 ␣3 helices packing more extensively than the reciprocal E2F4 ␣1 and DP2 ␣3 helices. The intermolecular contact density was calculated by considering contacts made by each amino acid with an interatomic distance <4 Å. (B) Stereo view of the E2F4-DP2 interface. To make the interface easier to see, only residues that make multiple van der Waals contacts (< 4.0 Å) are illustrated. A salt bridge is formed between the ␣1 helix of DP2 and ␣3 helix of E2F, contributing to the asymmetry at the interface.
families. This suggests that other combinations of E2F and DP winged-helix domains would make very similar contacts to the 9-bp binding site. It is conceivable, however, that the sequence specificity of intact E2F-DP heterodimers may be modulated by residues outside of the winged-helix domains, or by other proteins bound to the E2F-DP complex making contacts to bases peripheral to the core binding site.
The E2F4 and DP2 winged-helix domains do not include the hydrophobic heptad repeat, which is neccessary for homo and heterodimerization in the absence of DNA (Helin et al. 1993b ). Nevertheless, they show the preference seen with the intact proteins to bind DNA as heterodimers instead of homodimers Helin et al. 1993b ). The structure shows that the E2F4 and DP2 winged-helix domains form an extensive protein-protein interface. The arrangement of E2F4 and DP2 structural elements and their interactions at this interface have significant asymmetry, and this would contribute to the preference to bind DNA as a heterodimer.
Materials and methods
Protein purification
The human E2F4 (residues 11-86) and DP2 (residues 60-154) polypeptides were overexpressed as GST fusion proteins in Escherichia coli and isolated from the soluble cell lysate by glutathione affinity chromatography. Following cleavage from the GST by thrombin, they were purified by cation exchange and gel filtration chromatography and were concentrated by ultrafiltration. The purified E2F4 (0.6 mM) and DP2 (0.7 mM) polypeptides were first mixed together in 20 mM bis-Tris-propaneHCl (BTP), 150 mM NaCl, 5 mM dithiothreitol (DTT) at pH 7.5, and were then added to a solution of the DNA duplex and ammonium acetate. The final solution contained 0.3-0.6 mM of the ternary complex in a buffer of 20 mM BTP, 100 mM NaCl, 5 mM DTT, and 300 mM ammonium acetate.
Crystallization and data collection
Crystals were grown at 4°C by the hanging drop vapor diffusion method by mixing the complex with an equal volume of reservoir solution containing 27%-32% polyethylene glycol (PEG) 400, 50 mM NaCl, 100 mM 2-(N-Morpholino) ethanesulfonic acid (MES), 20 mM DTT at pH 6.0. The crystals form in space group P3 1 21, with a = b = 101.3, c = 73.5 Å. Heavy atom soaks were performed in crystallization buffer lacking DTT with 10.0 mM (Au-1 in Table 1 ) or 1.0 mM (Au-2) of K 2 Au(CN) 4 . Additional derivatives were obtained by growing crystals with DNA that had 5-iodouracil or 5-iodocytosine substitutions. Diffraction data were collected at −170°C with crystals flash frozen in crystallization buffer containing 35% PEG400. The derivative data were collected with an R-AXIS IV imaging plate detector mounted on a Rigaku 200HB generator, and the native data set was collected at the F1 beamline of the Cornell High Energy Synchrotron Source. Data were processed with the programs DENZO and SCALEPACK.
Structure determination and refinement
The structure was determined by the multiple isomorphous replacement (MIR) method (Table 1) (Jones et al. 1991) and was refined by simulated annealing with the program CNS (Brunger et al. 1998 ). Restrained temperature factor refinement and solvent correction was done with CNS. The (R sym ) ⌺ h ⌺ i |I h −I h |/⌺ h ⌺ i I h,i for the intensity (I) of i observations of reflection h. Phasing power-〈F i 〉/E, where 〈F i 〉 is the root mean square heavy atom structure factor and E is the residual lack of closure error. R cullis is the mean residual lack of closure error divided by the dispersive difference. R-factor-⌺|F obs − F calc |⌺|F obs |, where F obs and F calc are the observed and calculated structure factors, respectively. (R-free) R-factor calculated using 5% of the reflection data chosen randomly and omitted from the start of refinement. (rmsd) Root mean square deviations from ideal geometry and root mean square variation in the B-factor of bonded atoms.
final model consists of residues 15-83 of E2F4, residues 68-147 of DP2, the central 15 bp of the DNA duplex, and 87 water molecules. The single base overhangs of the DNA, residues 11-14 and residues 84-86 at the ends of E2F4, and residues 60-66 and residues 148-154 of DP2 have no electron density and are disordered in the crystals.
Electrophoretic mobility shift assay
DNA gel mobility shift assays were performed with 1 nM a radiolabeled 50-bp DNA fragment containing the binding site, in the presence of 5 mg/ml of nonspecific competitor DNA (sheared calf thymus DNA) and 75 mM NaCl. The apparent dissociation constants of the complexes were typically obtained from a seven-point titration of protein concentration.
